ABSTRACT Series elastic actuators (SEAs) can improve the performance of robots and ensure their safety; therefore, they are widely applied in rehabilitation robots. To effectively exercise muscles in late rehabilitation training, robots utilize different impedance characteristics according to human muscle conditions. In this study, a novel real-time parallel variable-stiffness control method is proposed. The method predicts the muscle stiffness of the human body during the interaction process, and then adjusts the port stiffness of the SEA as needed to improve strength training. The impedance controller is used to meet the port stiffness and stability requirements during interactions. The predictive stiffness control method not only assesses the stiffness of human muscles in real time but also meets the constraint conditions associated with interaction stability, speed, and position. This control structure enables effective and safe strength training. Finally, the experimental results indicate that the stiffness control method based on muscle stiffness prediction can accurately match the port stiffness and provide interaction stability for effective muscle exercise.
I. INTRODUCTION
Muscle training is the essence of physical exercise. Series elastic actuator (SEA) is a flexible device with cascading elastic parts involved with the motor and load [1] . SEAs can absorb shocks, reduce output impedance and provide high-precision torque output [2] - [5] . Therefore, they are widely applied in robots, such as Baxter robots [6] , Exoskeleton LOPES [7] and other rehabilitation/booster robots [8] , to improve security and the ease of human-machine interactions.
Stiffness adjustment is usually accomplished via two types: mechanical on hardware and control on software. With reference to DLR-HASy [9] , all actuators of the arm are variable stiffness actuators (VSAs) [10] , [11] . The primary advantage of VSAs is their improved task adaptability due to their adjustable stiffness [12] - [15] . However, it is necessary for the VSA design to incorporate an independent spring stiffThe associate editor coordinating the review of this manuscript and approving it for publication was Min Wang. ness mechanism that is adjustable, which will significantly increase its complexity, cost and size [16] , [17] . Contrary to the adjustable compliance VSA-joint, the fixed compliance SEA-joint is capable of changing its stiffness using software.
The primary purpose of stiffness adjustment is to accomplish various interactive tasks. To achieve adequate interaction behavior, Hogan proposed the concept of an impedance control method and an interaction port [18] . An interaction port can exchange energy with the environment [19] , while interactive control involves specifying a dynamic relationship between motion and force at the port [20] , [21] . A variety of interaction control schemes have been developed for robotic manipulators with SEA joints, including adaptive control [22] , [23] , backstepping control [24] , [25] , optimal control [26] , multi-modal control [27] , and model predictive control [28] - [30] .
Cascade structures have been widely applied in SEA control [5] , [31] - [34] , among which torque embeddedimpedance outer loops and inner speed loops are the most popular. Reference [35] was presented a variable stiffness control, suppressing the vibrations of a single-link robotic arm. An impedance-regulator control approach utilized a Markov chain to transit three modes [36] , i.e., fixed, resistive, and passive. An H ∞ gain-scheduled controller was adopted to regulate the stiffness arbitrarily in some interval [37] . An acceleration-based controller solved the motion control problem of variable stiffness using two spring structures [38] . The optimal stiffness was predicted to be suitable for the peak power and energy requirements at different gaits [39] . An enhanced residual approach was used to estimate the external torques and widen the stiffness range [40] . Current SEA designs exhibit a common limitation in performance due to the spring stiffness.
Colgate applied passivity theory to study the stability of interaction [19] , [41] . Reference [42] was presented a state-independent stability condition for varying stiffness and damping, which can be verified offline. Reference [43] used a tank-based approach to passive varying stiffness. The stiffness parameters of the above methods required both adjustment and interaction stability. The control methods mentioned above [23] , [31] - [33] , [36] , [39] , focus on constant-stiffness during a specific mode interaction. Furthermore, due to passivity restraints, the actual stiffness cannot exceed the physical stiffness. However, an impedance controller is proposed in this paper, in which the passive parameters and port stiffness can be relatively separated. The passive parameter should be recalculated via real-time stiffness to ensure interactive stability. Regulating the passive parameter is similar to the gain-scheduled method.
When processing the interaction with the SEA-driven robot, force, speed, and position are indicators of comfort and safety. Therefore, it is necessary to weigh these properties during the stiffness adjustment process. Stroke patients mainly perform muscular tension exercises in late rehabilitation. Rehabilitation robots are required to operate in different force application modes according to various muscle features, such as port impedance variations. Therefore, a design method must be developed to randomly adjust the port impedance and aid in muscle strength training. Thus, a hierarchical control scheme is adopted [44] . The upper layer is the stiffness predictive layer. The muscle stiffness during interactions is measured in real time, and a steady state optimization function is included. Then, output parameters are calculated by matching the muscle stiffness and port stiffness during interactions. The lower layer is the impedance control base layer, which has a cascade structure. The parameters of the controller are adjusted according to the output parameters in the upper layer for individualized strength training. This paper proposes a novel control method for continuous stiffness adjustment in a one-DOF SEA-driven robot arm, and the main contributions are listed as follows. The stability and passivity criteria are derived from the impedance control law. The passivity still exists when the port stiffness is higher than the SEA physical spring. The predictive stiffness control method assesses the stiffness of human muscles in real-time and meets the constraint conditions associated with interaction stability, speed, and position. This method can be used to effectively adjust the port stiffness according to the muscle exercises. Both simulation and experimental results are presented to illustrate the performance of the proposed control method. The proposed stiffness adjustment algorithm can be used extensively in various SEA-driven robot systems, such as rehabilitation robots for human muscle exercise.
The rest of this paper is organized as follows. The SEA-driven robot arm model is presented in section II. The stiffness control method based on predictive control is discussed in section III. In section IV, the stability, passivity, port impedance and matching precision of the impedance controller are verified based on simulations. In section V, an experiment is conducted not only to examine the characteristics of port stiffness and the stiffness of human muscles but also to compare the port stiffness features during interactions with and without the predictive controller. Finally, the conclusions are given in section VI.
II. MODEL ANALYSIS A. SEA-DRIVEN ROBOT ARM SETUP
An SEA joint with a spring structure typically adopts the series design method and fully considers coordination with the internal space size of the joint. In practical applications of rehabilitation robots, there are always mass connection components such as arms between the joint and the load or between the joints [45] .
For the convenience of subsequent work, we designed an SEA-driven robot arm testing apparatus [46] , [47] , which is shown in Fig. 1 . The elastic structure can be approximated as a torsional spring. According to the characteristics of the experimental platform and the expansion of the robotic arm (connections are generally used between the joints in the arm, which is similar to the linkage load of this model), we consider the SEA-driven robot arm model.
Robot models have nonlinearities and uncertainties. Discontinuous friction, which can be linearly parameterized, is compensated by an adaptive mechanism [24] . References [48] and [49] can overcome unknown time-delay functions and perturbed uncertainties. Reference [50] presents adaptive neural learning control for unknown robot dynamics under prescribed performance constraints. Reference [22] provides methods for estimating unknown parameters in the case of expansion to a multiple-DOF system. Reference [51] shows a linear analysis of the SEA model. To maintain the generality of the study, some design features, which vary from device to device, can be ignored without losing generality. In particular, the following assumptions [5] , [9] , [33] are summarized here as a reference:
1) Spring stiffness is considered to be linear since spring torque saturation is avoided during the experiment. 2) It is possible to develop a linear model by ignoring nonlinear friction and backlash. 3) Electric components can be ignored due to the high-frequency contributions. 4) Load inertia should be modeled since it affects the passive range for the interactive stability adjustment. 5) This paper discusses a one-DOF SEA-driven robot arm, which makes the dynamic parameters easy to ascertain.
B. MODEL OF THE SEA-DRIVEN ROBOT ARM
Fig . 2 shows the SEA-driven robot arm model. The dynamic model of the one-DOF SEA-driven arm can be expressed as:
where the variables M m and M l are the motor and link inertia, respectively; k is the elastic spring stiffness; D m and D l are the motor and link friction coefficients, respectively; q m is the motor position; q l is the link (or joint) position; τ m is the motor input force (or torque); τ s is the spring force; and τ ext is the external force.
The relationship between τ m and τ ext can be derived as follows:
where
The variable τ m is composed of force-related terms, the motor-link kinetic energy and the energy related to elastic deformation.
We set Z = τ ext /q l , where Z is the port impedance. From (2), we can derive the following equation. Setting τ m = 0, the response curve of port impedance without motor torque is drawn in Fig. 3 , which clearly shows the motor resonance point
The red solid line is uncontrolled Z (s). The blue dotted line is the link inertia D m + D l , which is also the response of the port impedance at low frequencies. The black dotted line is the link inertia M l s, which is also the response of the port impedance at high frequencies.
III. CONTROL STRUCUTRE
A novel variable-stiffness controller is illustrated in Fig. 4 . Unlike traditional control methods, we add stiffness prediction in parallel based on the cascade control scheme to fit the muscle tension when performing rehabilitative training with robots. The input of the stiffness prediction is the spring force. Here, K S is the desired stiffness, K D is the desired damping, ε is the inner-loop gain, kin p is a proportionality parameter, kin d is a derivative parameter, and q d is the desired position.
A. IMPEDANCE CONTROLLER
The impedance controller is governed by the following equation.
The closed-loop transfer function is as follows. The actual port impedance of the SEA is given by the following equation.
The stability and passivity conditions of the impedance controller and the port stiffness formula are given below. These are the basic conditions for port prediction.
1) STABILITY
Characteristic (6) is the four-order equation. According to the Routh-Hurwitz criterion [52] , the following conclusions can be obtained.
Theorem 1: System (6) is stable if the following inequalities hold: (K S > 0, K D > 0, ε > 0, kin p> 0,kin d> 0) and
Corollary 1: There exists a value of ε * > 0 such that system (5) is stable for all ε ∈ [ε * , ∞) when all controller parameters are positive. If D m and D l can be ignored, ε * can be approximated as follows.
2) PASSIVITY
The passivity of the controlled robot is a sufficient and necessary condition that guarantees stable interactions with any passive environment [53] . Definition 1 [21] : A system defined by the linear 1-port impedance function Z (s) is passive iff 1) Z (s) has no poles in the right half-plane.
2) Any imaginary poles of Z (s) are simple and have positive real residues.
3) Re{Z (jω)} ≥ 0. 
Corollary 2: A value of ε # > 0 exists such that Z a (s) is positive for all ε ∈[ε # ,∞) when all controller parameters are positive. If D m and D l can be ignored, ε # can be approximated as follow.
Based on a comparison of (8) and (10), we can obtain ε * < ε # by adjusting K S and ε>ε # for the impedance controller. These actions not only result in arbitrary values of port stiffness but also satisfy the interaction stability condition.
As ε grows, the port impedance performance is given as follows.Z a (s)
B. STIFFNESS ADJUSTMENT Section III.A deduces that K S is the approximate value of the SEA port stiffness under the impedance controller, and the parameter ε guarantees the passivity. By adjusting these two parameters, the port stiffness of the SEA can be achieved and the interaction is stabilized. This section focuses on dynamically adjusting these two parameters to achieve the desired muscle exercise. Fig. 5 illustrates the process of stiffness adjustment. Here, K man is the man muscle stiffness, and K port is the desired port stiffness. There are two points that must be set in advance: the desired port stiffness range and the stiffness optimization type. The desired range of port stiffness must be calibrated according to the stiffness of the experimenter's muscles. Obviously age and gender are the main factors affecting muscle stiffness.
Stiffness optimization is mainly based on the three muscle states of stroke patients [54] , who have special muscle characteristics in different periods and requires the specific muscle exercises listed in Table 1 [55]- [59] . During the active separation period, the muscle stiffness is proportional to the port stiffness; during the spasm period, the muscle stiffness is inversely proportional to the port stiffness; during the soft period, there is a force boundary point.
The following is an introduction to the algorithm in which the arm of a 25-year-old male requires muscle training during the active separation period.
1) PORT STIFFNESS RANGE ESTIMATION
First, the relationship between the applied force and the muscle stiffness must be calibrated to determine the range of port stiffness.
During rehabilitation training, the goal of muscle training is to exercise muscle tone to a healthy level. Thus, we need to know the tendon status of healthy people to develop a benchmark for muscle regulation. Section V.B shows a concrete example. The following equation is used for stiffness conversion:
where ξ is the value set by the doctor according to the characteristics of the tendon. The doctor suggested that ξ could be set to 50 when the patient is in the first stage using the SEA-driven arm.
2) PREDICTION ADJUSTMENT
The purpose of stiffness prediction is to comprehensively consider the muscle stiffness, displacement and velocity error of training equipment within the specified range. The port stiffness is dynamically modified during training. Port stiffness delays during a sudden force increase or decrease are avoided. The prediction process involves the real-time detection of port forces and muscle stiffness, the optimization of port stiffness, and the adjustment of the passivity margin. When muscle stiffness increases, port stiffness increases.
The impedance controller parameter K S is automatically adjusted online by predictive estimations of the joint output response. The output value at the next time step K S (t + 1) is predicted in the time domain based on the value of K S (t).
During the dynamic interaction process, the experimenter applied an external force on the SEA link, which would cause velocity and displacement at the link. If the stiffness of the port is different, the magnitude of the two quantities will be different. When the force application speed is high and the action time is short, detection via EMG alone is not perfect, perhaps because as the stiffness of the port increases, the muscles are already relaxed.
Therefore, the small delay in port stiffness adjustment can be avoided by adding the dynamic characteristic indicator equation of velocity and displacement, resulting in the following:
where K S (t + p| t) represents the predicted value of K S at time t at time step t + p, v ql is the speed of the link and v qld is the desired speed of the link. This paper takes the realistic value of p = 8 ms. The displacement offset is converted according to the real-time port impedance. Equation (13) is the deviation of velocity and displacement for minimizing the current port impedance. This value can be quickly superimposed on the port stiffness when velocity and position offsets suddenly occur at the SEA device. The predicted modification is as follows.
where K ref S
is K port , which is calculated in the previous section.
During the actual rehabilitation training process, we must consider the amplitude constraint:
where trunc(x) is the rounding function and ε ensures the passivity of the SEA system. δ(τ s ) is variable for different populations. Section V.B provides a concrete example of the VOLUME 7, 2019 FIGURE 6. Parameter root locus of ε.
δ(x) function. This paper applies the following values based on functionality: τ s.min = 0, and τ s.max = 30. When the predicted value exceeds the reference input, the amount of control should be reduced to decrease the stiffness of the output. Conversely, if the predicted value is less than the parameter input, the amount of control should be increased. In stiffness prediction controller design, an electromyographic (EMG) sensor first performs muscle state detection and approximates the stiffness port range. When the robotic arm drives the human body during rehabilitation training, the predicted stiffness parameters K S and ε will be adjusted according to the force applied by the human body to improve the rehabilitation effect.
IV. SIMULATION
A. STABILITY AND PASSIVITY Fig. 6 presents the ε parameter root locus. Other parameters of the controller are listed in Fig. 6 as well. The approximate value of ε * is 0.039. The data demonstrate that stability can be guaranteed as long as ε ≥ 0.039. Fig. 7 summarizes the Nyquist diagram of the actual port impedance Z a (s) for different ε values. The approximate value of ε # is 0.100. The data demonstrate that the passivity conditions are guaranteed if ε ≥ 0.100.
B. IMPEDANCE APPROXIMATION 1) COST VALUE
A cost function measuring the difference between Z a (s) and Z d (s) over various frequencies ω 1 to ω 2 is defined in (16) . A log-log scale can effectively illustrate the magnitude range of values from low to high frequencies.
A grid of ε and K S is uniformly drawn with 10 4 nodes in [1,1000] × [1, 1000] . The target impedance is set as Z d (s) = K S / 's + 50. The frequencies are tested from 10 −2 rad/s to 10 3 rad/s. The cost is proportional to a discrete approximation of the shaded area in Fig. 8 , which illustrates the cost variations with respect to ε and K S , assuming that the SEA system is stable and passive.
2) LOWER STIFFNESS
To illustrate the port stiffness characteristics of this impedance controller, Table 2 provides three common position controllers. To derive the port stiffness, q d is set to 0, where P i (i = 1,. . . ,4), D 1 , D 2 , I 1 , and I 2 are the parameters of the former three controllers. The impedance controller in this article employs method ŕ. Method ň of the motor position feedback determines that its port stiffness value must be less than the physical spring stiffness value. Methods and ő imply that the SEA can display a lower stiffness than the physical spring stiffness if passivity is desired [5] . Fig. 9 shows the port impedance frequency response when the desired port stiffness value is 200. The pink dotted line refers to the physical spring stiffness of the SEA. All four methods mentioned above can achieve the desired stiffness under low frequency while also satisfying passivity. However, the former three methods occur the resonance in the middle frequency. Method ŕ does not display any resonance problems. Fig. 10 shows the frequency response curve of the SEA actual port impedance Z a (jω) (the controller parameters are marked in the figure) . The design stiffness value is 1500 Nm/rad as shown by the black dotted line. Z a (red solid line) approaches It can be observed from Fig. 10 that when the port stiffness is greater than the physical spring stiffness, the system is still passive, and the impedance control method suppresses the resonance problem of the model itself.
3) HIGHER STIFFNESS

V. EXPERIMENTS
As shown in Fig. 1 , a testing apparatus featuring a flat arm (link) and an SEA joint is constructed. The parameter values associated with the rotary SEA prototype are provided in Table 3 .
A. STIFFNESS CHARACTERISTICS OF THE IMPENDENCE CONTROLLER
The unloaded arm moves horizontally, and the weight disks are loaded in sequence. The virtual stiffness is calculated as follows: k s = G/ q l , where G is the loading gravity torque and q l is the resulting deflection. Fig. 11 depicts the link position fluctuations at K S = 500 as the disks are loaded in sequence. The least squares method is used to calculate the stiffness K S of the system port. When ε = 100, the actual stiffness value is approximately the same as the controller parameter K S . Fig. 12 illustrates a calibration process of force and EMG signals. During the experimental procedure, the average value VOLUME 7, 2019 FIGURE 12. EMG signal calibration. of the 8-channel signal data represents the muscle stiffness of the human body. Fig. 13 shows the relationships between τ s and K man , as measured by an electromyographic (EMG) sensor. The line in the figure is the 8-channel signal acquisition. The pit-points marked with ''o'' on the curve denote muscle fatigue during exercise, which can be clearly seen in the demonstrated curve.
B. EMG SIGNAL
The port stiffness benchmark function (the black dotted line in Fig. 14 is the mean of the data in Fig. 14 (17) Equation (17) is an example of this article. From (12) and (17), the relationship between the applied force and the port stiffness in Fig. 14 can be obtained, and ± 20% of the curve is selected as the desired port stiffness range.
During the experiment, when the expected value of the port stiffness falls within the dotted curve in Fig. 14, if it is less than this range, then it will increase; if it is greater than this range, then it will decrease. This range is the basis for ensuring effective and safe muscle training.
C. INTERACTIVE EXPERIMENT
SEA single-joint robots have their own applications, such as a simple variable stiffness rehabilitation rotary handle [32] , [60] . During the experiment, the multi-joint robot arm cannot avoid the singular configuration and multi-joint coupling, thus, the single joint is easier to use to verify the correctness of the algorithm.
According to the characteristics of muscle tension during the rehabilitation process, the port stiffness is adjusted by applying different forces. During muscle training, the volunteer used varied force to push and pull the platform arm in the experiment (q d = 0 • ), as shown in Fig. 15 .
Figs. 16 and 17 show the relationships among τ s , q l , v ql and K S during the motion experiment. Over time, τ s increases, as does the arm muscle stiffness strength. The red dashed line shows the impedance controller without stiffness adjustment. The black solid line is the port stiffness value adjusted in real time based on the stiffness prediction. The blue dot-dashed line (no stiffness prediction) is the port stiffness value without stiffness prediction. As the external force increases, the positional deviation in q l gradually increases. Due to the constant stiffness, if the port stiffness is small, then the force is easily increased. At this time, the experimenter did not feel muscle fatigue. For example, assuming a fixed value of the external force of 20 N, the q l position of 5 • (when the port stiffness is 200) is required when there is no stiffness adjustment. The displacement is reduced to 3 • without stiffness prediction (the port stiffness is changed to 503). In contrary, the displacement is reduced to only 1.6 • with the stiffness prediction (the port stiffness is changed to 790). Fig. 17 shows the different stiffness K S values associated with the motion in Fig. 15 . The addition of predictive control can effectively avoid delays and ensure a stable output port stiffness. Considering that the stiffness prediction increased from 12-15 s, the q l speed is gentle. The other two methods vary greatly in speed. The speed variation is in the range from 0-9 • /s with only impedance control. The speed variation is in the range from 0-6 • /s without stiffness prediction. The speed variation is in the range from 0-2 • /s with stiffness prediction.
Under the condition of stiffness prediction, and for the same force, the displacement was small, and the port stiffness increased. We can estimate the stiffness required for the interactive port by calculating the stiffness of the human body in real time. Because real-time motion speed and port stiffness tracking are considered, the volunteer does not have to rapidly increase the applied force.
The larger the force applied by the volunteer, the larger the port stiffness, and the muscles can be efficiently trained. This change in port stiffness makes it easy for the volunteer to exercise their muscles.
In our experiment, when the candidate has relatively high muscle tension, the port stiffness can be adjusted to increase the stiffness value K S . Thus, according to the stiffness prediction, the muscles are comfortable during the process of upper limb rehabilitation.
VI. CONCLUSION
A parallel variable-stiffness control method is designed for upper limb rehabilitation training. The control method consists of two parts: the application of a series impedance controller to meet port stiffness and interaction stability requirements and stiffness prediction to forecast muscle tension at the contact moment and adjust the stiffness in real time. The cascade impedance controller can establish the stiffness of any port with passivity. Thus, the real-time stiffness adjustments satisfy the interactive stability requirements during the interaction process. In addition, stiffness prediction is added in parallel with the control scheme. According to the stiffness prediction, the relationship between muscle stiffness and external forces is given.
In this study, an SEA joint test platform is built to test the variable-stiffness adjustment process for the rehabilitation of an upper limb with the muscle training. In the experiment, taking the rehabilitation period as an example, the stiffness prediction achieves the same muscle tension with an increased force, and the proposed method performs better than the constant stiffness control approach. The experimental results indicate that the new algorithm is effective for variable-stiffness control based on the muscle tension of a patient. The method is expected to be applied to different muscles affected by stokes to self-adjust the stiffness.
When the stiffness prediction is adjusted, the male arm is taken as an example for illustration. However, this method is adaptable to groups of different genders and ages, as EMG signals are real-time signals and ξ can be modified during muscle training. Additionally, the experimental process is the same. It is undeniable that, if the state of muscles is strictly classified and the range of muscle stiffness is refined, then this method will be effective for muscle exercise. Obviously, this application is not the focus of this article. Our next step should extend the algorithm to the multi-joint SEA robot system. Dr. Shang received the National Science Fund for Distinguished Young Scholars. VOLUME 7, 2019 
